Strain degeneration in solventogenic clostridia is a known problem in the technical acetone -butanol fermentation bioprocess, especially in the continuous process mode. Clostridial strain degeneration was studied by Fourier transform infrared ( FT -IR ) spectroscopy of the bacterial cells. Degenerative variant formation in two strains, Clostridium beijerinckii NCIMB 8052 and Clostridium species AA332, was detected spectroscopically. Colonies on solid media were sampled, or assayed directly in situ by IR microscopy. It has previously been shown that the distinctive acidogenic and solventogenic physiological phases of Clostridium acetobutylicum in liquid medium can be discriminated by FT -IR spectroscopy. This was confirmed here for C. beijerinckii NCIMB 8052. The proportion of degenerate cells in a mixed population in liquid medium could be quantified, as the spectral features change in different ways during the normal growth cycle of wild type organisms and degenerate variants in batch culture. This opens a new perspective for physiology -based process monitoring and control, especially of the continuous acetone -butanol fermentation.
Introduction
Solvent production in Clostridium species depends on the complete function and finely balanced regulation of a complex metabolic network, involving more than a dozen enzymatic functions [ 8, 31 ] . In the technological application of solvent production, i.e., the acetone -butanol fermentation, the optimal operation of this metabolic network is crucial for yield and productivity, and thus for economic success [ 12, 33 ] . During the course of a solventproducing batch fermentation, the initial phase of exponential growth is associated with the production of volatile fatty acids ( acetate and butyrate ) . When the concentration of these acids, or the culture pH, has reached a certain threshold, clostridial metabolism switches to solvent production [ 19 ] . At this stage, many of the organisms present stop growing and endospore formation is initiated.
The term ''degenerate'' has traditionally been employed in connection with the acetone -butanol fermentation to describe both strains and cultures that produce no solvents. This is potentially a source of considerable confusion. We reserve the term degenerate to describe the inherent and heritable properties of organisms or strains. It therefore follows that degeneration results from genetic change ( genetic instability or mutation ) . It is frequently connected with a loss of the ability to sporulate [ 7 ] . In Clostridium acetobutylicum, genes encoding essential enzymes in the solventogenic pathways are located on a megaplasmid whose loss results in a degenerate phenotype [ 6, 7, 37 ] . In Clostridium saccharoperbutylacetonicum, degenerate mutants were identified with a defect in NADH formation from pyruvate [ 16 ] . Clostridium beijerinckii forms degenerate variants even more frequently than C. acetobutylicum, but the underlying mechanism remains unclear. An insertion sequence has recently been characterised in this organism but there is no evidence that it plays a prominent role in degeneration [ 23 ] .
In contradistinction to the process of degeneration, cultures of solventogenic organisms sometimes fail to produce solvents for physiological or regulatory reasons [ 24 ] . This behaviour has been termed ''acid crash,'' an expression used in the former solvent industry ( David Jones, personal communication, 1997 ) . Conditions favouring or preventing the acid crash have been variously described [ 4, 21, 24 ] . Acid crash often occurs when bacteria are growing at or close to their maximum growth rate or in bacteria with a very high metabolic rate [ 9, 21 ] . Under these conditions, the switch from acid to solvent production fails to occur before the acids accumulate to toxic levels [ 10, 20, 24 ] .
The process of degeneration occurs during repeated vegetative subculture [ 21, 22 ] , on solid media [ 1, 22, 40 ] and most especially during continuous cultivation [ 2, 3, 5, 11, 30, 40 ] . Technological development of the acetone -butanol fermentation is tending toward the establishment of continuous processes for economic reasons [ 12 ] . During long -term continuous solvent fermentations [ 13 ] , degeneration is an intrinsic problem. In a working environment, it is difficult to detect degeneration and discriminate it from a poor performance, or acid crash, due to unfavourable fermentation conditions. This was the motivation for the present study. There is good evidence from previous studies that the slow and progressive loss of solvent productivity is due to the formation of a degenerate subpopulation in the culture. Distinct variants can be isolated from continuous cultures, and discriminated on solid medium [ 40 ] . The degenerate population gradually takes over, as these bacteria keep growing, whereas the solvent -producing organisms in the wildtype population slow down or stop growth and initiate sporulation [ 21] .
In this investigation infrared spectroscopy was used to analyse bacterial populations. Naumann and coworkers [ 28 ] first employed Fourier transform infrared ( FT-IR ) spectroscopy of dried films of cells in transmission mode on translucent carriers to identify organisms. It was used recently to analyse the physiological status ( acidogenic vs. solventogenic phase ) of C. acetobutylicum cultures [ 34 ] . ( The strain used there was reported to be C. beijerinckii NRRL B592, but it turned out later that one experiment has been actually conducted with C. acetobutylicum. However, the physiological behaviour and the spectral changes of the two organisms were very similar. ) The physiological state associated with acid crash could also be differentiated ( Grube, Schuster, and Gapes, manuscript submitted ) . An alternative method for analysis of bacterial cells was developed by Goodacre et al. [ 14 ] who employed the diffuse reflectance -absorbance mode. This protocol was used in the present study.
Materials and methods

Strains and strain maintenance
C. beijerinckii NCIMB 8052 and C. acetobutylicum AA332 stocks were stored at À 808C with 20% glycerol as cryoprotectant. AA332, a solventogenic organism of unknown origin was kindly provided by P. Claassen and A. Lopez -Contreras ( ATO, Wageningen, the Netherlands ) . Degenerate variants of C. beijerinckii NCIMB 8052 and C. acetobutylicum AA332 were isolated during this study from colony outgrowths of the respective normal ( wild type ) strains. They were kept on solid medium by passage every few days.
Culture media and culture conditions
Agar -solidified clostridial basal medium ( CBM ) [ 29 ] was used for short -term culture maintenance and colony counts. Cultures ( 25 ml ) in liquid medium were grown in tubes containing modified semisynthetic medium ( MSS ) , containing 60 g / l glucose, 5 g / l yeast extract, and salts according to Ref. [ 35 ] . The first liquid culture passage of each series of experiments was inoculated from a single colony. All cultures were grown in an anaerobic cabinet in an atmosphere of 10% hydrogen, 10% CO 2 and 80% nitrogen at 378C ( solid media ) or 348C ( liquid media ) .
Colonies of normal and degenerate organisms were differentiated by their morphology according to Ref. [ 40 ] . Culture samples were serially diluted using a holding buffer ( 25 mM Kphosphate, pH 7, 1 mM MgSO 4 ) . Liquid cultures were performed in two or three replicates each.
Analysis of fermentation medium components
After removal of bacteria by centrifugation, solvents and acids were determined by gas chromatography according to Ref. [ 13 ] . Cell density was estimated as optical density ( OD ) by light scattering in a spectrophotometer at 615 nm.
Preparation of cell samples and FT -IR analysis
Samples of cells grown either on solid medium or in liquid medium were taken under anaerobic conditions. Cells from liquid culture samples were harvested by centrifugation. Cell pellets were washed twice in physiological saline ( 0.9% NaCl ) , then diluted in saline. Colonies from solid media were suspended in physiological saline for washing, then treated like the samples from liquid media. Portions of the bacterial slurries ( 5 l ) were evenly applied onto an aluminium plate. Prior to analysis triplicate samples were ovendried at 508C for 30 min. IR spectra were collected using a Bruker IFS28 FT-IR spectrometer ( Bruker Spectrospin, Banner Lane, Coventry, UK ) equipped with an MCT ( mercury -cadmiumtelluride ) detector cooled with liquid N 2 . The aluminium plate was loaded onto the motorised stage of an adapted reflectance TLC accessory [ 38 ] . The spectrometer was controlled ( using OPUS version 2.1 software running under IBM O / S2 Warp provided by the manufacturers ) to collect spectra over the wave number range 4000 to 600 cm À 1 20 spectra per second were acquired. The spectral resolution used was 4 cm
. To improve the signal -tonoise ratio, 256 spectra were averaged. Each sample was thus represented by a spectrum containing 882 data points and spectra were displayed in terms of absorbance as calculated from the reflectance -absorbance spectra using the Opus software ( which is based on the Kubelka -Munk theory [ 15 ] ) .
For measurements directly from agar plates a Bruker infrared microscope ( A590 ) was used and the IR beam was focused onto the surface of the clostridial colonies. Spectra were acquired with an OpticonÂ15 ( 4NA ) objective such that the sampling area was 0.785 mm 2 ( diameter 0.5 mm ) . Spectra were also collected over the wave number range 4000 to 600 cm À 1 . The spectral resolution used was 16 cm À 1 and 128 spectra were averaged. To minimise problems arising from baseline shifts, the first derivatives of the original FT-IR spectra were smoothed using the Savitzky -Golay algorithm [ 32 ] using five -point smoothing.
Spectrum evaluation by derivatives
For a better visual resolution of spectral features, original FT-IR spectra were derivatized, then vector normalized, and derivatized again, resulting in second -derivative spectra that are normalised to the total signal intensity. These second -derivative spectra were plotted on an inverted abscissa scale, so that the positive peaks appearing correspond to positive peaks in the original spectra.
Cluster analysis
The initial stage involved reduction of the multidimensional FT-IR data by principal components analysis [ 17 ] . Principal component analysis is a well -known technique for reducing the dimensionality of multivariate data, while preserving most of the variance. The first principal component describes the largest amount of the variance, the second describes somewhat less, and so on. The set of the first few principal components can usually give a quite good approximation to the total variance. Principal components analysis was performed according to the NIPALS algorithm [ 39 ] . Discriminant function analysis ( also known as canonical variates analysis ) then discriminated between groups on the basis of the retained principal components and the a priori knowledge of those spectra that were replicates, and thus this process does not bias the analysis [ 25 ] .
Partial least squares
When the desired targets associated with each of the spectra are known, then a supervised data evaluation algorithm may be used. The goal of supervised learning is to find a mathematical model that will correctly associate the inputs with the targets. This is usually achieved by minimizing the error between the target and the model's response. Briefly, a training set of spectra with known ratios of normal to degenerate cells was used to form the model. A validation set ( also of spectra from samples with known normal to degenerate cell ratios ) was used in conjunction with the training set to establish the optimum model. Finally, an independent test set, consisting of spectra that were not used by the model creation program at any time, was used to test the effectiveness of the calibrated system. The partial least squares algorithm described the targets as a linear combination of so -called factors ( which play a similar role to the principal components in principal component analysis ) . The first few factors usually describe most of the correlation between the targets and the spectra.
In this case, the training set were samples from time 1 ( from the growth phase ) , containing 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% degenerate cells. The cross -validation set was also from time 1 and contained 5%, 15%, 25%, 35%, 45%, 55%, 65%, 75%, 85% and 95% degenerate cells. The independent test set were 21 samples from time 2 ( from the stationary phase ) , which contained 0 -100%, in 5% steps, degenerate cells.
All partial least squares analyses [ 26 ] were carried out using an in -house program [ 18 ] , which runs under Microsoft Windows NT on an IBM -compatible PC. The first stage was preparation of the data. This was achieved by presenting the training set as two data matrices to the program: X, which contains the FT-IR spectra, and Y, which represents the percentage of degenerate to normal cells. The X -data were mean -centered and scaled in proportion to the reciprocal of their standard deviations [ 26 ] .
The next stage was generation of the calibration model. The method of validation used was full cross -validation, via the leaveone -out method [ 26 ] . This technique sequentially omits one sample from the calibration; the partial least squares model is then redetermined on the basis of this reduced sample set. The ratio of the omitted sample is then predicted with the use of this model. This method is required to determine the optimal size of the calibration model, so as to obtain good estimates of the precision of the multivariate calibration method ( i.e., neither to under -nor overfit predictions of unseen data ) [ 36 ] .
To choose the optimal number of latent variables ( partial least squares factors ) to use in predictions after the model was calibrated, cross -validation was employed. This was achieved by choosing the number of partial least squares factors used in the predictions that gave the minimum root mean square error for the cross -validation set.
Results and discussion
Analysis of ''harvested'' normal and degenerate colonies
Colonies of Clostridium sp. AA332 and C. beijerinckii NCIMB 8052 were grown on solid CBM medium and harvested after 45 and 110 h. C. beijerinckii NCIMB 8052 was used as its degeneration behaviour has already been studied extensively [ 40] . Clostridium sp. AA332 was chosen because it is particularly prone to degeneration ( M. Young, K. Jennert, unpublished results ) . At 45 h, the colonies of both strains appeared more or less homogeneous among themselves by morphology, but after 110 h, the colonies of Clostridium sp. AA332 were clearly of two morphologically different types. One type was small, rounded and opaque, whereas the other was larger, translucent and had an irregular shape. These two distinctive colonial morphologies are characteristic of normal and degenerate bacteria in C. beijerinckii [ 40 ] . The colonies of C. beijerinckii NCIMB 8052, however, retained a uniform morphology.
IR spectra were taken from 7 to 10 different colonies of each strain. Some colony samples were prepared for IR measurements in three replicates. Eight representative spectra of single colonies are shown in Figure 1 . Spectra from different colonies of the same strain were quite uniform, and quite different from those of colonies of the other strain, especially in the carbohydrate region ( 1200 to 900 cm À 1 ) . At 45 h, differences between the two strains were clearly detected by principal component analysis of the FT-IR spectra ( Figure 2a ) , but no degenerate colonies could be detected either by morphology or in the spectra. However, after cultivation for 110 h on solid medium some colonies from strain AA332 showed completely degenerate morphology and others had a normal center with degenerate outgrowths. An analysis of the similarity of spectra from colonies of the two strains and the degenerate variant of AA332 are shown in Figure 2b . The colonies of NCIMB 8052 show a certain diversity at this stage of development, but no clear separation into different clusters. The difference between NCIMB 8052 and AA332 is quite clear cut. Moreover, the splitting of AA332 into two subpopulations, corresponding to normal and degenerate colony morphology, is clearly visible. Concerning the latter, colonies with completely degenerate morphology cluster together with the degenerate outgrowths of normal colonies. 
Analysis of a degenerating colony on solid medium by infrared microscopy
In order to analyse directly a degenerating colony of C. beijerinckii NCIMB 8052 on solid medium, an agar plate was placed under the IR microscope. The IR beam was focused onto the colony. Spectra were taken across the agar surface and a colony with a degenerate outgrowth, on a path shown in Figure 3 . Principal component analysis of the spectra could clearly detect the difference between the normal part of the colony and the degenerate outgrowth ( not shown ) .
From such a colony outgrowth, a degenerate variant of C. beijerinckii NCIMB 8052 was isolated for the following experiments. The strain was denoted strain DN.
Spectral changes during growth and solvent formation of C. beijerinckii NCIMB 8052
In an earlier study [ 34 ] , it was observed that FT-IR spectra of C. beijerinckii NRRL B592 and C. acetobutylicum change significantly during growth and solvent production in batch culture experiments. The strains [ 34 ] show a major difference to C. beijerinckii NCIMB 8052 in their physiology: they stop growing at the shift to the solventogenic phase, whereas C. beijerinckii NCIMB 8052 continues to grow throughout the whole cultivation experiment ( Figure 4 ) . However, the change in OD is not necessarily proportional to the biomass dry matter concentration due to cell differentiation, which changes the optical properties of cells. The culture was inoculated 1 / 1000 with a liquid preculture ( passage 1, 12 h old ) , which had been inoculated from a single colony on solid medium. The time course of product formation ( Figure 4 ) showed the typical biphasic pattern. Starting with acid production, the culture later shifted to solvent production. In this latter phase, some of the acetate present in the medium was converted into solvents.
There were significant changes in FT-IR spectra during the growth curve of C. beijerinckii NCIMB 8052 in batch culture ( Figure 5 ) . Bands are assigned according to Ref. [ 27 ] . Changes in regions of 1407 cm À 1 could be attributed to an increasing lipid content in late culture phases. This effect was previously observed with C. acetobutylicum [ 34 ] . In the carbohydrate region ( 1200 to 900 cm À 1 ) , changes were very significant. Some can be attributed to the formation of a starch -like storage carbohydrate ( granulose ) that was also detected in the light microscope with iodine -stained samples. The fairly constant size of the band at 1241 cm À 1 , corresponding to phosphate esters in nucleic acids, is noteworthy. This band appeared to be dependent on the growth phase in C. acetobutylicum; growth ended at the solvent shift and the nucleic acid band decreased drastically. Here, the band stayed rather constant, consonant with continuing growth throughout the solventogenic phase ( Figure 4 ) . Discriminant function analysis of the spectra ( Figure 6 ) showed pronounced differences over the bacterial growth curve. Samples from the acidogenic exponential growth phase and early solventogenic phase ( samples a, b, and c ) formed a discrete cluster in the space of discriminant functions 1 and 2, whereas samples from the solventogenic phase ( samples d, e, and f ) gave separate clusters different from each other. 
Mixing experiment
To determine whether spectroscopic methods could be employed to determine the proportion of degenerated bacteria in a liquid culture medium, artificial mixtures of cells from cultures of C. beijerinckii NCIMB 8052, the wild -type strain and strain DN, the degenerate variant were analysed. They were grown separately in liquid medium, inoculated from liquid precultures derived from single colonies. From these cultures, cell suspensions were sampled at two different points in the growth and production curve and mixed in different known ratios. The resulting mixtures were harvested and treated as above to obtain FT-IR spectra.
The culture conditions at which the cells were harvested before mixing are given in Table 1 . Sample 1 was taken at the end of the acidogenic phase of the normal culture, just after solvent production had started. The second sample was taken when the culture of the normal strain had produced a substantial amount of solvents ( and that of the degenerate variant had produced a substantial amount of acids ) . Cell densities in the different cultures were about the same in sample 1. In sample 2, the optical density of the normal culture was about twice that of the degenerate culture. Some of the spectra from the artificial mixtures of time 1 ( starting at 0% degenerate cells, and incremental steps of 10% ) and the known ratios were used as training set ( input ) for a mathematical model formed using the partial least squares ( PLS ) algorithm. Another set of spectra ( starting at 5% degenerate cells, and incrementing in steps of 10% ) was used for cross -validation. A third set, the spectra from time 2, were used as independent test set. The results of this quantification are given in Figure 7 .
As a measure of accuracy for the predictions, the root mean square error was calculated for the data sets. Predictions inside the training set had a root mean square error of 5.7%, those of the test set of 9.1%. Predictions of the ratio of degenerate cells in the culture were possible from sample 1 across to sample 2, on which the model had not been trained, with somewhat lower accuracy ( root mean square error of 12.4% ) , however. The model therefore appears to detect differences in spectra, which are relevant to degeneration, even in the presence of potentially interfering changes over the bacterial growth curve. The accuracy is probably sufficient to detect the appearance of a degenerate subpopulation, e.g., during continuous cultivation at a comparatively early stage. Figure 8 shows representative spectra of the normal and degenerate strain, from the first sampling time. The observed differences are in the structure and quantity of the amide II band around 1545 cm À 1 , and especially in the carbohydrate region ( 1200 -900 cm À 1 ) . The wild type has a much higher peak at 1156 cm À 1 and a different fine structure between 1033 and 997 cm À 1 . This may be related to granulose formation in the wild type, but also to differences in cell wall structure. Comparison of the spectra in Figures 5 and 8 indicates why the quantification model can differentiate between the changes by degeneration and by the normal cell cycle -the spectral features involved are different.
Samples of the artificial mixtures of normal and degenerate cells were plated on CBM medium. The results were in line with the Figure 4 . Each data point refers to a spectrum. Two biological replicates ( fermentation experiments ) were sampled. Three replicate spectra were taken from each sample.
known mixing ratios ( data not shown ) . There are two distinct advantages of the FT-IR spectroscopic method as compared with the plate count technique. Firstly, analysis by the FT-IR method takes less than 1 h from sampling, whereas colony formation in the plate count assay takes at least 2 days. The FT-IR method is fast enough to be usefully applied in process control. Secondly, the FT-IR method analyses all the cells present in the culture, whereas the plate count assay detects only culturable cells. It is well known that in the later phases of the acetone -butanol -ethanol ( ABE ) fermentation, the majority of cells, although metabolically active in solvent production, no longer form colonies, except through the sporulation cycle. In these experiments, despite the use of the anaerobic cabinet for all steps, the recovery of cells to form colonies on plates ( i.e., plating efficiency ) was 1% or less, which casts serious doubt as to whether the results obtained are representative of the entire bacterial population.
The mixing experiments shown here are a model for the analysis of mixed cultures. Certainly the final proof of the method would be to monitor a continuous cultivation where a degeneration occurs spontaneously. The results of the spectroscopic quantification can be compared with plate counts; however, it is necessary to keep in mind the problems with this technique as discussed above.
Conclusions and outlook
The formation of degenerate variants in solventogenic clostridia can be detected by FT-IR spectroscopy of bacterial cells. Colonies of degenerate variants on solid medium, as well as samples from variants grown in liquid medium, show spectra that are distinct from those of the parental strain. The proportion of degenerate cells in a liquid culture was quantified by evaluation of FT-IR spectra from artificial mixtures. The spectra of C. beijerinckii NCIMB 8052 cells changed remarkably according to their physiological status. In the course of a normal batch culture, the spectral changes readily allow distinction of the acidogenic and solventogenic phases. These changes due to the growth cycle in batch culture can be distinguished from those that occur in degenerate variants.
This opens a new perspective for process monitoring and control in the continuous acetone -butanol fermentation process via nearreal time monitoring of population dynamics. Moreover, basic studies on mechanisms of Clostridium strain degeneration can be supported by this fast method to detect population changes, enabling dynamic studies on the degenerative process.
